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ABSTRACT
With this paper, we release accurate photometric redshifts for 1692 counterparts to Chandra sources
in the central square degree of the COSMOS field. The availability of a large training set of spec-
troscopic redshifts that extends to faint magnitudesenabled photometric redshifts comparable to the
highest quality results presently available for normal galaxies. We demonstrate that morphologically
extended, faint X-ray sources without optical variability are more accurately described by a library
of normal galaxies (corrected for emission lines) than byAGN-dominated templates, even if these
sources have AGN-like X-ray luminosities. Preselecting the library on the bases of the source proper-
ties allowed us to reach an accuracy σ∆z/(1+zspec) ∼ 0.015 with a fraction of outliers of 5.8% for the
entire Chandra-COSMOS sample. In addition, we release revised photometric redshifts for the 1683
optical counterparts of the XMM-detected sources over the entire 2 deg2 of COSMOS. For 248 sources,
our updated photometric redshift differs from the previous release by ∆z > 0.2. These changes are
predominantly due to the inclusion of newly available deep H-band photometry (HAB=24mag). We
illustrate once again the importance of a spectroscopic training sample and how an assumption about
the nature of a source together with the number and the depth of the available bands influence the
accuracy of the photometric redshifts determined for AGN. These considerations should be kept in
mind when defining the observational strategies of upcoming large surveys targeting AGN, such as
eROSITA atX-ray energies and ASKAP/EMU in the radio band.
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1. INTRODUCTION
The scientific yield of current and future systematic
studies of large samples of extragalactic sources de-
pends primarily on the observable redshift, which is
one of very few observables that can be directly mea-
sured. A redshift then indicates the source distance
via a cosmological model, and can be used to esti-
mate quantities such as age, black hole (BH) mass,
and accretion rate. The constraint of source redshifts
has been a primary goal of deep pencil-beam (e.g.,
HUDF: Williams et al. (1996)), wide-area (e.g. AEGIS:
Davis et al. (2007); COSMOS: Scoville et al. (2007),
GOODS: Giavalisco et al. (2004); ECDFS: Lehmer et al.
(2005); CFHTLS: Cuillandre & Bertin (2006)), as
well as future wide-field synoptic sky surveys across
the whole electromagnetic spectrum (e.g., eROSITA:
Predehl et al. (2007); Pan-STARSS: Burgett & Kaiser
(2009); LSST: Ivezic et al. (2006); EMU: Norris (2010);
WISE: Duval et al. (2004)). Given the still limited num-
ber of multi-objects, near-infrared spectrographs avail-
able on large telescopes, comprehensive spectroscopic
follow-up studies are generally impractical for deep and
large sky surveys and the need for reliable photometric
redshifts has arisen.
Thanks to the availability of extensive multi-waveband
observations, the accuracy of the photometric redshifts of
normal galaxies has dramatically improved over the past
decade. The main milestones have been: the availability
of deep near- and mid-infrared data for the surveys un-
der study, the use of intermediate-band filters that help
to increase the spectral resolution of the measured spec-
tral energy distribution (SEDs) (Wolf et al. 2001, 2003;
Salvato et al. 2009; Ilbert et al. 2009; Cardamone et al.
2010)), and the inclusion of emission lines in the tem-
plate SEDs of normal galaxies (Ilbert et al 2009; FORS
Deep Field: Bender et al. 2001). As a result, we
can now estimate the photometric redshifts of normal
galaxies with a 2% accuracy (see e.g., Ilbert et al. 2009;
Cardamone et al. 2010).
However, determining accurate and reliable photomet-
ric redshifts for sources dominated by an active galac-
tic nucleus (AGN) remain challenging for a number of
reasons. First of all, powerful AGNs are dominated
by a power-law SED, whose shape produces a color-
redshift degeneracy that only a complete and deep multi-
wavelength coverage can break. Secondly, the galaxies
that host an AGN contribute in most cases to the global
SED of the source. The number of possible different
types of galaxies and relative host/AGN contributions
(as a function of wavelength) is so large that degenera-
cies between templates and redshifts are unavoidable. Fi-
nally, flux variability is an intrinsic property of AGN that
many multi-wavelength surveys do not take into account
when planning their observations, leading to problems
in achieving a robust SED fit. Only when we correctly
account for all these properties will photometric red-
shifts (hereafter photo-z) for AGN become more reliable
(Salvato et al. 2009; Luo et al. 2010; Cardamone et al.
2010).
Expanding our previous studies (Salvato et al. 2009,
hereafter S09) of the photo-z of the XMM observations
of the entire 2 square degrees of the COSMOS field
(Hasinger et al. 2007; Cappelluti et al. 2009; Brusa et al.
2010), we provide photo-z for the counterparts to ≈ 1700
Chandra detected sources in the central 0.9 square de-
grees (Elvis et al. 2009; Puccetti et al. 2009, Civano et
al., 2011, in preparation). These Chandra data are sig-
nificantly deeper (factor of ∼3...4) than the XMM data,
and their optical counterparts reach fainter magnitudes
(Figure 1). As a consequence, the method developed to
compute photo-z for the XMM-COSMOS sources needs
to be revised before its application to the Chandra data
set.
Our paper is structured as follows. In § 2, we present
the optical counterparts of our Chandra sources, in ad-
dition to our photometric and spectroscopic analyses. In
§ 3 we repeat the procedure introduced in S09 and split
the sample in two subsamples, on the base of the mor-
phological and variability analysis. In § 4, we illustrate
how we compute the photo-z, extending the technique to
faint X-ray sources. We first compute the photo-z using
exactly the same procedure used on S09, showing its lim-
itations (§ 4.1). We then discuss how the results can be
improved in the following subsections. In § 5 we presents
our results, highlighting the properties of an individual
source with zphot ∼ 6.8 in § 5.1. General discussion and
conclusions, using both Chandra and XMM sources are
presented in § 6, and § 7, respectively. Throughout this
paper, we use AB magnitudes and assume that H0 =
70km s−1 Mpc−1, ΩΛ = 0.7, and ΩM = 0.3.
2. THE CHANDRA COSMOS SAMPLE
2.1. Optical and near-IR counterparts
The Chandra COSMOS survey (hereafter C-
COSMOS; Elvis et al. 2009) is a large (1.8 Ms)
Chandra program covering the central 0.5 deg2 of the
COSMOS field (centered at 10 h , +02◦) with an effective
exposure of ∼ 160 ks, and an outer 0.4 deg2 area with
an effective exposure of ∼80 ks. The limiting depths
of the point-source detections are 1.9 × 10−16 erg cm−2
s−1 in the soft (0.5− 2 keV) band, 7.3× 10−16 erg cm−2
s−2 in the hard (2 − 10 keV) band, and 5.7 × 10−16 erg
cm−2 s−1 in the full (0.5− 10 keV) band.
A total of 1761 X-ray point sources were detected in
our Chandra data (for details on the source detection
procedure see Puccetti et al. 2009). The X-ray catalog
was presented in Elvis et al. (2009). The optical/NIR
counterparts were identified on the basis of a likelihood
ratio technique (ML) applied to our optical (Capak et al.
2007), near-infrared (McCracken et al. 2010), and
Spitzer/IRAC (Sanders et al. 2007; Ilbert et al. 2010)
catalogs, and are presented in Civano et al. (2011, in
preparation), together with an overall analysis of the
sample properties. In summary, thanks to this multi-
wavelength identification approach, 1753 counterparts to
our X-ray sources (i.e. 99.6%) have been successfully
identified in optical/IR bands. Of these 1753, 42 are
nearby stars or sources that are too close to a star to be
detected separately; these stellar sources are not consid-
ered in this paper.
For completeness, we provide in Figure 1, the normal-
ized cumulative i∗AB magnitude distribution for the op-
tical counterparts to C-COSMOS (black solid line) com-
pared to the distribution for XMM-COSMOS (red solid
line). The distribution of sources common to both sam-
ples (black short dashed line) and the distribution of
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sources with available spectroscopic redshifts (see more
in § 4) are also indicated (dotted and long dashed lines).
Here we present the photo-z of the 1692 sources for
which a large number (15≥ Nfilters ≤ 31) of reliable pho-
tometric data are available. 1677 of these sources have
an optical counterpart in the updated, publicly available
photometric catalog down to i∗AB=26.5 mag
36.
An additional 15 objects were found in the K-band
catalog (McCracken et al. 2010) and aperture photome-
try were extracted in all broad-band optical/near-IR and
COSMOS bands using the K-band images as reference.
We note that 11 of these 15 sources are also clearly
visible in the optical images but are not present in the
updated optical catalog because they are either close to
a saturated source or below the detection limit.
For these 1692 sources, a coordinate cross-match (up
to 0.5”) was performed between the optical catalog and
the Spitzer/IRAC (Sanders et al. 2007) and GALEX
(Zamojski et al. 2007) catalogs. To create the GALEX
catalog, the U -band image was used as a prior, via PSF
fitting. Thus, the risk of wrong optical/UV identifica-
tion is much lower. The IRAC images are deep ([3.6
ν m]AB ∼24 mag) but they have large PSF. We per-
formed simulations which have shown that not more that
10% of the photometry of the ∼ 400,000 sources of the
IRAC catalog may be effected by blending. This is not
effecting the associations optical/IRAC as we visually in-
spected the associations (Brusa et al. 2010, Civano et al.
2011, in preparation). However, the blending can effect
the photometry of few sources, explaining the origin of a
small number of outliers (see also discussion in S09).
An additional 19 sources are neither detected in our op-
tical images, nor listed in the K-band catalog, but have
a clear counterpart in the 3.6µm images. Although these
sources are potentially at high redshift, we do not at-
tempt to estimate their photo-z as they have the same
properties as the sources presented in § 5.3 of S09 (in nine
cases they are actually the same sources). There, the for-
mal best-fit redshift was shown to be higher than 4, but
the redshift probability distribution function (PDFz) in-
dicated that there were insufficient constraints to reject a
solution at lower redshift. For these sources, only deeper
photometry could provide reliable constraints and photo-
z.
3. MORPHOLOGICAL AND VARIABILITY ANALYSIS
In S09, the optical counterparts of the XMM sources
(presented in Brusa et al. 2010) were divided into two
sub-samples depending on their morphological and tem-
poral properties. Objects that appeared as point sources
(as defined in Leauthaud et al. 2007) in deep COS-
MOS HST/ACS images (Koekemoer et al. 2007) and/or
showed brightness fluctuations were grouped as QSOV
(short for point-like or varying) and their photometry
was corrected for variability, if necessary. For this pur-
pose, we introduced a parameter, VAR (Eq. 1 in S09),
36 http://irsa.ipac.caltech.edu/data/COSMOS/tables/photometry/.
This catalog includes the photometry in all the 25 optical/NIR
broad-, intermediate- and narrow-bands filters, from “u” to “Ks”
. the photometry is computed at the position of the i∗-band
image, using Sextractor (Bertin & Arnouts 1996) in dual mode.
The catalog supersedes Capak et al. (2007), with improved source
detection and photometry extracted in 3” apertures
that describes the deviation of the optical photometry
from a reference epoch (2006, time of quasi-simultaneous
optical and Spitzer/IRAC observations). On the basis of
the distribution of this parameter for the entire XMM-
COSMOS sample, the photometry for the sources with
V AR >0.25 mag were corrected. The threshold was cho-
sen as the value of V AR at which the sample of extended
sources in XMM displayed a sharp decline distribution
(Figure 1 in S09). Sources that were not grouped in the
QSOV sample were then classified as extended and non-
varying (V AR < 0.25) and were assigned to the EXTNV
group. The identification of these two subgroups permit-
ted us to use a luminosity prior that is typical of AGN
for the QSOV sample (see §4.3), which in turn reduced
the parameter space of the possible photo-z solutions and
thus the degeneracies.
The C-COSMOS sample discussed in the following was
treated in an identical manner, and its V AR distribution
is shown in Figure 2. Compared to the XMM-COSMOS
sample, the VAR distribution does not show a drop at
VAR=0.25 mag, This is expected, due to the deeper ob-
servations of the smaller area of C-COSMOS. However,
we decided to adopt the same value in order to limit as
much as possible the number of caveats and allow a more
general procedure to be adopted.
We find that 766 sources satisfy the criteria for the
QSOV sample, while 926 are classified as EXTNV
sources. Among the QSOV sources, 442 (58%) were al-
ready included in the XMM sample, while the EXTNV
sample contains 421 sources (46%), which were also de-
tected with XMM.
4. PHOTOMETRIC REDSHIFT
In the following subsections we describe the photo-
z technique used for the C-COSMOS sources. As in
S09, we used the publicly available Le Phare code37
(Arnouts et al. 1999; Ilbert et al. 2006), which is based
on a χ2 template-fitting procedure. The templates that
we used were either used for computing the photo-
z for normal galaxies in I09, or used for computing
the photo-z for XMM-COSMOS in S09. The I09 tem-
plates include elliptical and spiral galaxy templates from
Polletta et al. (2007) They also include blue star-forming
galaxies generated with Bruzual & Charlot (2003). The
S09 templates include some of the AGN library from
Polletta et al. (2007), and hybrid templates combining
AGN and normal galaxies. How we created the tem-
plates, how we settled on the libraries, and how they com-
pare with other libraries are widely described in I09 and
S09, respectively. Extinction is added to the templates
as a free parameter in the fit. We used the Calzetti et al.
(2000) and the Prevot et al. (1984) attenuation laws. We
also calibrated the zero-points of the photometric cata-
logue using the spectroscopic redshift sample of normal
galaxies, as described in (Ilbert et al. 2006, I09). We did
not allow any galaxy to be brighter than MB=-24. For
AGN, the luminosity prior is more complex and depends
on the classification EXTNV/QSOV (see § 4.1). Finally,
the full redshift probability distribution function is also
derived.
After estimating the photo-z we assessed the accuracy
by comparing our results with 712 (21) reliable spectro-
37 http://www.oamp.fr/people/arnouts/LE$_$PHARE.html
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scopic redshifts of galaxies (stars).
The spectroscopic redshifts were either publicly available
via SDSS (DR8) or obtained within the COSMOS collab-
oration. In fact, the counterpart of X-ray targets were
the primary targets of Magellan/IMACS (Trump et al.
2007) and MMT (Prescott et al. 2006) campaigns, or
secondary targets in the zCOSMOS and zCOSMOS-
deep surveys at VLT/VIMOS (Lilly et al. 2007, 2009,
Lilly et al. 2011, in preparation), or again obtained at
Keck/DEIMOS (PIs: Scoville, Capak, Salvato, Sanders,
Kartaltepe) and FLWO/FAST (Wright et al. 2010), re-
spectively. While the spectroscopic sample used for the
training for XMM-COSMOS reached a luminosity of
< i∗AB >=22.5 mag, the new sample reaches magni-
tudes of i∗AB=25.4 mag ( < i
∗
AB >=21.3 mag; vertical
dotted-dashed line in Figure 1), thus provides some in-
sight into the faint source population. It is important to
stress that all the spectroscopic redshifts have an prob-
ability higher than 75% to be secure, as at least two
emission/absorption features were used for the redshift
determination.
Throughout the paper, we measure the accuracy of the
photo-z using the normalized median absolute deviation
(NMAD, Hoaglin et al. 1983) defined as σNMAD=1.48
× median(|zphot- zspec|/(1 + zspec)) For a gaussian dis-
tribution, σNMAD is directly comparable to the defi-
nition adopted in other papers that directly quote the
σ∆z/(1+zspec). This dispersion estimate is relatively in-
sensitive to catastrophic outliers (i.e., objects with |zphot
zspec|/(1 + zspec) >0.15). The fraction of outliers is de-
noted by η. After applying a method identical to that
used for the XMM sample, we discuss how to improve
the reliability of photo-z for the EXTNV and QSOV sub-
samples, respectively.
4.1. Estimating C-COSMOS photo-z as for
XMM-COSMOS
To understand whether or not C-COSMOS is sampling
the same population as XMM-COSMOS sources, we first
computed photo-z following the same procedure as de-
scribed in detail in S09. In particular, after dividing the
C-COSMOS sources into EXTNV and QSOV, we used
the same template library, consisting mostly of AGN and
hybrid templates. The hybrid templates are constructed
by combining galaxy and AGN empirical SEDs (details
of the templates and their construction is fully described
in S09). Furthermore, the same luminosity prior on the
absolute magnitude in B-band (−20 > MB > −30) was
applied to the QSOV sample.
We compare the resulting photo-z with the spectro-
scopic sample of 712 sources. It is important to stress
that the spectroscopic sample is a close approximation to
a blind sample, different in his properties from the sample
used as training of the photo-z for XMM-COSMOS. In-
deed, only 273 of these sources were included in the orig-
inal training sample used in S09. The new 439 sources
had either no spectroscopy at that time, or lie below the
XMM flux limit.
While most of the photo-z are still excellent, the
resulting fraction of outliers (η=9.0%) and accuracy
(σNMAD ∼0.031) do not reach the quality obtained
for the XMM-COSMOS sample (η=5%, σNMAD=0.015
for sources i∗AB <24.5mag). In particular, if we
consider only the C-COSMOS sources brighter than
i∗AB <22.5mag (limit of the spectroscopic training sam-
ple used in XMM-COSMOS) the accuracy for the EXNV
and QSOV sub-samples is the same as for XMM-
COSMOS, even if the spectroscopic sample used for the
comparison is not the same. In contrast, for sources
fainter than i∗AB =22.5mag we found a significant in-
crease in the fraction of outliers and lower accuracy (com-
pare Figure 3 of this paper with Figures 4+12 in S09) are
obtained.
The comparable quality of the photo-z between C-
COSMOS and XMM-COMOS at i∗AB <22.5mag sug-
gests that the optically bright populations probed by
XMM and Chandra are similar and that the template
library used in S09 is largely representative of their prop-
erties. In S09, there was no spectroscopic training sam-
ple for i∗AB >22.5mag and the quality assessment for
faint sources (i∗AB >22.5mag) was based on the com-
parison with only 46 spectroscopic redshifts. The faint
C-COSMOS spectroscopic sample now includes a total
of 185 sources with i∗AB >22.5mag and the lower photo-
z quality may indicate that a new treatment, different
from that used for the bright sample, is required.
4.2. Revised treatment for the C-COSMOS EXTNV
sample
Twenty-four out of the 30 templates used to compute
the photo-z for the XMM-COSMOS sources are domi-
nated (from the 10% to 100% level) by an AGN compo-
nent. On the other hand, as C-COSMOS extends to faint
X-ray sources and thus also to faint and potentially opti-
cally obscured sources, one could argue that the library
used to analyze the XMM data is not fully representative.
It might be beneficial to consider a library including a set
of “pure galaxy” templates. This is particularly true for
the EXTNV sub-sample, which contains predominantly
nearby sources where the optical/near-IR emission is ex-
pected to be dominated by the host galaxy light.
To assess the impact of a different library of templates,
we computed the photo-z using the library and settings
defined in I09. These authors used a library of 31 tem-
plates of normal galaxies to compute the photo-z of two
million normal galaxies (i∗AB <26.5) in the entire COS-
MOS field, reaching an accuracy of σNMAD ∼ 0.015 with
a fraction of outliers η < 5%. In particular, the authors
included emission lines in the templates, as they were
shown to contribute to various colors by up to 0.4 mag.
In Table 1, we compare the resulting quality of the
photo-z for bright (i∗AB <22.5) and faint (i
∗
AB >22.5)
EXTNV subsamples with the results obtained using the
S09 library.
From the comparison of the dispersions obtained in
the bright, faint and full optical ranges it seems that
a library of normal galaxies works generally better for
the EXTNV sample than a library which includes AGN
templates. However, for the bright sample, the fraction
of outliers obtained when using the library of normal
galaxies is almost twice that obtained using the library
of AGN-dominated templates, indicating the need for the
former library for at least some sources. In addition, the
result is consistent with what is found for the sources
in XMM-COSMOS, after recomputing the photo-z using
now also the H- band photometry (last columns of 1).
To characterize the outliers and see whether they
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depend on the properties of the sources, we plot in
the left panel of Figure 4 all the EXTNV sources
as a function of their soft X-ray flux and their
X/O ratio (Maccacaro et al. 1988). In this spe-
cific case, using the soft X-ray flux and the opti-
cal i∗ AB magnitude, the X/O ratio is defined as
log(FX/Fopt)=log(F(0.5−2keV )+5.57+i
∗ [AB]/2.5. The
ratio can be used as a first order assessment of the na-
ture of a source, with a galaxy been characterized by
X/O<-1.5 and an AGN-dominated source as -1<X/O<
1.
Both libraries are clearly able to reproduce the spectro-
scopic sample of galaxy-dominated sources because in the
range X/O<-1.5 there are virtually no outliers. In addi-
tion within the locus of AGN-dominated sources, the dis-
tribution of outliers when using either library (red open
circles and yellow filled circles for I09 and S09, respec-
tively) is independent of the X/O ratio. The only real dif-
ference is visible in the distribution of outliers as a func-
tion of X-ray flux, where the library of AGN-dominated
templates provides more reliable photo-z at high X-ray
fluxes, with only 2 outliers above F(0.5−2keV) > 8 ×
10−15erg/cm2/s in contrast to the 5 for the library of
normal galaxies. This is consistent with the fact that
the extended, optically bright and X-ray bright sources
in our sample are nearby (z<1) Seyfert or QSO. In-
deed, all the sources with spectroscopic redshift and with
F(0.5−2keV) > 8 × 10
−15erg/cm2/s have an absolute B
magnitude MB < −20 which is typical for AGN (e.g.
Veron-Cetty & Veron 1998). In contrast, fainter X-ray
sources are either host dominated or low luminosity or
obscured AGN for which the templates of normal galax-
ies are able to mimic the SED, thus correctly reproduce
the redshift.
On the basis of the available spectroscopic sample
(open black circles), we argue that adopting a thresh-
old at F(0.5−2keV) > 8 × 10
−15erg/cm2/s and using the
library of either normal galaxies or AGN-dominated tem-
plates for sources, respectively, below or above this value,
improves the accuracy of the photo-z, as demonstrated
in the last row of Table 1 (indicated as “combined”).
Given the small number of outliers in the bright end
of the X-ray flux, one could argue that the introduction
of different templates depending on the X-ray flux is un-
necessary and that for the EXTNV the library of normal
galaxies could be used by default. However, for wide-field
shallower X-ray surveys such as XMM-COSMOS, where
a large number of bright X-ray sources are detected, the
use of AGN-dominated templates in the library is more
important (see right panel of Figure 4). This new ap-
proach allows us to reduce the fraction of outliers at any
X-ray flux and, at the same time, reduces the dispersion,
which is now symmetric and peaks at ∆z/(1 + zspec)=0
(compare yellow and black histograms in Figure 5 for
C-COSMOS and XMM-COSMOS, respectively).
We note that the adopted X-ray threshold is chosen
to minimize the number of outliers and thus it strongly
depends on the spectroscopic sample available for the
comparison. The value is, at the moment, fixed where
the first outlier for the AGN-dominated library appears
in the C-COSMOS EXTNV sample, but could possibly
be moved to fainter X-ray fluxes, depending on the avail-
ability of future spectroscopy in the range F0.5−2keV =
4...8× 10−15erg/cm2/s.
4.3. Analysis of the QSOV sample
As for the C-COSMOS EXTNV sample, the photo-z
accuracy of C-COSMOS QSOV sources is identical to
that achieved for XMM QSOV sources when the anal-
ysis is limited to sources brighter than i∗AB = 22.5mag
(σNMAD = 0.011 and η = 5.1%). However, the frac-
tion of outliers increases to η = 14.3% (consequently,
σNMAD=0.22) if we limit the analysis only to the 98
sources fainter than i∗AB = 22.5mag. We find indeed
that ∼ 60% of the outliers in the QSOV sample is repre-
sented by faint sources (Figure 6) and that they are con-
centrated in two redshift ranges, where the photo-z are
systematically overestimated (1< zspec <1.5) or under-
estimated ( (2< zspec <2.5) relative to the spectroscopic
redshifts.
In an attempt to understand the origin of the system-
atic errors, as in the previous section, we plot in Figure 7
the outliers obtained using the S09 library (yellow filled
circles) as a function of optical and X-ray brightness. For
the sake of completeness, we also plot the outliers that
are obtained by using the library of normal galaxies from
I09 (red circles), imposing this time the luminosity prior
-20<MB <-30. We demonstrated in S09 that this library
is unsuitable for the XMM QSOV sample, but in Table 2
and Figure 7 this can be seen more clearly. For the QSOV
sample, the library of AGN templates helps to measure
more accurate photo-z than the library of normal galax-
ies at any X-ray flux and any optical magnitude.
Thus, the main limitation to the accuracy of the
photo-z and the fraction of outliers appears to be re-
lated to the optical faintness of the sources. As already
pointed out by other authors (e.g., Cardamone et al.
2010; Barro et al. 2011), at fainter magnitudes the spec-
tral energy distribution is less tightly constrained, and
only by upper limits in some bands, or has large sta-
tistical uncertainties associated with the photometry.
Thus, the 1σ error associated with zphot steadily in-
creases with the i∗ band magnitude for the COSMOS
multi-wavelength data-set (see S09, I09). Only deeper
photometry in NIR bands (where the 4000 A˚ break
falls 2<z<2.5) will allow us to improve the accuracy
of the photo-z for the faint sources in the C-COSMOS
and XMM-COSMOS QSOV samples. Thus, an opportu-
nity to improve the results for at least a fraction of the
sources will be given with the photometry from ULTRA-
VISTA survey38 and the future observations taken with
HST/WFC3 by the CANDELS survey (Grogin et al.
2011; Koekemoer et al. 2011).
5. RESULTS
In summary, using the procedure described in the pa-
per and illustrated in the flow-chart of Figure 8 we ob-
tained high quality photo-z for C-COSMOS. In addition,
we recomputed the photo-z of XMM-COSMOS sources
for which the H-band photometry is now available. For
both samples (see Figure 9), we obtained an accuracy of
σNMAD=0.015 and a similar fraction of outliers η ∼6%.
The addition of H-band photometry and our revised
strategy for treating the extended, optically non-varying,
38 http://www.strw.leidenuniv.nl/$\sim$ultravista/
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faint X-ray sources in the EXTNV XMM-COSMOS sam-
ple, resulted in a change in photo-z of ∆z > 0.2 for 248
sources (∼ 15% of the total XMM-COSMOS sample).
This improved accuracy with respect to the old version
of the photo-z catalog (Salvato et al. 2009) is summa-
rized in Table 3. It is reassuring that the introduction
of the H-band photometry does not affect the accuracy
of the QSOV sample, illustrating the reliability of our
photo-z in the field.
The final photo-z catalogs for the C-COSMOS and
XMM-COSMOS surveys are available39 in ASCII for-
mat, together with morphological and variability analy-
sis. Excerpt of the catalogs are provided in Table 4.
In both catalogs, we flagged as stars those sources
that are point-like and have 1.5 × χ2star < χ
2
agn/gal,
where χ2star and χ
2
agn/gal are the reduced χ
2 for the
best-fit solutions obtained with stellar and AGN or
galaxy libraries. For C-COSMOS(XMM-COSMOS),
we found 33(53) candidate stars, 18(32) of which are
already spectroscopically confirmed. The criterion fails
to identify 5(3) sources that are known to be stars via
spectroscopy. A more relaxed criterion, such as the one
used in I09 and S09 (point-like and χ2star < χ
2
agn/gal)
would allow the identification of all the spectroscopic
stars, but would also misclassify as stars objects that
are spectroscopically confirmed galaxies.
The redshift distribution for the galaxies in the two
samples (red: C-COSMOS; blue: XMM-COSMOS) is
shown in Figure 10, where the histograms are normalized
to the respective total number of sources. As expected,
the deeper X-ray observations of C-COSMOS allowed us
to detect sources at higher redshift (from z∼1.8) than
XMM-COSMOS.
To assess any other differences in the populations of the
two surveys, we considered the C-COSMOS sources that
are respectively below (C-COSMOS faint) and above
(C-COSMOS bright) the flux limit of XMM-COSMOS
(F0.5−2keV = 10
−15erg cm−2s−1 ). The comparison be-
tween the two sub-samples and the XMM-COSMOS sur-
vey is shown in Figure 11, where the black solid line rep-
resents the redshift distribution of the C-COSMOS faint
sources and the thick, dashed and thin, dotted black
lines represent C-COSMOS bright and XMM-COSMOS
sources, respectively. While C-COSMOS bright and
XMM-COSMOS do not differ, the Kolmogorov-Smirnov
(KS) test suggests that the population of sources in C-
COSMOS bright and faint are not extracted from the
same parent population (PH0 ∼ 0.006% ), as already ap-
peared to be clear from the previous Figure 10.
In our additional analysis, we divided the samples ac-
cording to the best-fit SED template. Red lines trace
the cumulative distributions of the sources fitted by nor-
mal galaxy templates, while green and blue lines indicate
sources that can be most accurately described by type 2
AGN and type 1 AGN templates, as defined in S09. The
KS test gives a probability of PH0 ∼ 0.001, PH0 ∼ 0.014,
and PH0 ∼ 0.011 that the three populations (galaxies,
type 1, and type 2 AGN) are drawn from the same
population for C-COSMOS and XMM-COSMOS. This
is somehow implicit in the procedure used to estimate
39 http://www.ipp.mpg.de/$\sim$msalv/PHOTOZ_XCOSMOS/
the photo-z, as we change our library in accordance with
the X-ray flux for the EXTNV samples and C-COSMOS
being deeper than XMM. We fitted respectively 90% and
95% of the EXTNV C- and XMM-COSMOS sources us-
ing the library of normal galaxies.
However, we note that even if these sources are more
accurately described by normal galaxy templates, they
are not normal galaxies. We can more accurately de-
scribe 994(935) of the 1098(1045) C-COSMOS(XMM-
COSMOS) sources (∼91%) using a normal galaxy tem-
plate but these sources have X-ray luminosities above
1042 erg/s and thus can be assumed to be powered by an
active nucleus.
5.1. The highest redshift X-ray selected sources?
By combining their spectroscopic and photometric
data, Civano et al. (2011) presented the logN-logS and
space density of C-COSMOS high-z sources (z>3), and
we refer to this paper for a detailed discussion of the
high-z X-ray source population. Here we present the
photometric properties of the highest-z X-ray selected
candidate AGN and investigate the effects of different
assumptions about the SED templates and luminosity
priors on the photo-z estimation, and its stability and
reliability.
High-redshift AGN provide key observational con-
straints of the theoretical models of galaxy and SMBH
formation and evolution. Most models can well describe
the high-luminosity regime up to z ∼2-3 (Hopkins et al.
2008; Menci et al. 2008, and references therein). How-
ever, the shortage of observational data for both high-
redshift and low-luminosity AGN populations has re-
stricted the progress of the modeling. Since these predic-
tions are generally applied to determine the key physical
parameters such as the QSO duty cycle, the black hole
seed mass function, and the accretion rates, reliable ob-
servations of the QSO luminosity function and its evo-
lution at high redshift are required (Civano et al 2011,
Brusa et al. 2010; Aird et al. 2010; Fontanot et al. 2007).
In addition to the 19 sources that, as discussed in
§ 2, are potentially at zphot >4, the C-COSMOS sam-
ple contains a single source for which the most likely
photo-z solution is at z>6. In contrast to the typical re-
sults for high-z candidate sources, the redshift probabil-
ity distribution function (PDFz) is both peaked and nar-
row. The counterpart to the source CID-2550 is detected
long-wards of 9000 A˚(zAB = 25.4 mag; JAB = 23.6 mag;
HAB = 23.8 mag; KAB = 23.0 mag; [3.6µm]AB = 22.8
mag; [4.5µm]AB = 22.7 mag; [5.8µm]AB = 21.7 mag;
[8µm]AB = 21.7 mag; see left panel of Figure 12) and is
also marginally seen in the deep Subaru i+-band obser-
vations (≈ 26.6mag).
Photo-z are usually very sensitive to luminosity pri-
ors, in particular when the available photometry has
large uncertainties and/or the number of the photomet-
ric points are insufficiently large to reliably determine a
photo-z. This is case for CID-2550 where in the opti-
cal bands we have either an upper limit or errors larger
than 1 magnitude. Imposing a lower limit to the ab-
solute magnitude of MB = −20.5 results in a unique
(PDFz=98%) solution at zphot = 6.84 with a best-fit
SED solution being obtained using an AGN+ULIRG
hybrid (QSO1+IRAS22491, see S09). Without any lu-
minosity prior, the best-fit photo-z solution becomes
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zphot = 6.94 (PDFz=85%) with a second, less probable
solution at zphot = 1.59 (see Figure 12, where, in cyan,
we also plot the best fit obtained with a library of stars).
The template that most accurately describes the data
remain the same, while for the low redshift solution a
dusty blue SB template from Bruzual & Charlot (2003)
is preferred.
The high redshift solution suggested by the PDFz is
also supported by the very small number of outliers that
we obtain at high redshift (only 1 out of 53 sources at
2.5 < zspec < 5.4, with σNMAD = 0.009). In addition, a
solution at z=6.84 would explain the marginal detection
in the deep Subaru i+-band as emission from Lyβ caused
by an incomplete Gunn-Peterson trough (Becker et al.
2001; Fan et al. 2006). The source is also comparable to
the Extreme X-ray/Optical ratios sources (EXOs) first
defined by Koekemoer et al. (2004) which are selected
as optical dropouts with X-ray emission, although the
improved multi-wavelength data available here for CID-
2550 provide a stronger photo-z solution.
At z ∼ 6.84, the 0.5-7 keV X-ray luminosity for CID-
2550 would be log(LX)= 44.67 erg s
−1, while the abso-
lute B-band magnitude would be MB = −24.6, i.e. a
significantly high QSO luminosity. Assuming a) that the
quasar emits at the Eddington luminosity, b) an X-ray
bolometric correction in the range 10-100, and c) that
neither lensing nor beaming significantly magnify the
observed flux, we estimate a central black hole mass in
the range ≈ 4 × 107...8M⊙. This mass estimate is lower
than the average mass derived for the sample of bright
optically-selected z > 6 quasars from SDSS (Fan et al.
2001; Willott et al. 2003), suggesting that X-ray selec-
tion might detect less extreme objects, or objects in a
different, possibly obscured (as suggested by the best fit
hybrid galaxy template), phase of rapid growth.
6. DISCUSSION
6.1. Importance of spectroscopic sample
Most galaxy and AGN (co)evolutionary studies depend
on photo-z estimates. Spectroscopy is extremely chal-
lenging, in particular, at high redshift, where photo-z
then play a fundamental role. The photo-z accuracy is
usually estimated by comparing with a small spectro-
scopic sample of bright and/or nearby objects. Both the
telescope diameter and the wavelength coverage of the
spectrographs dictate the parameter range here.
For bright and nearby sources, the photometric cover-
age is comprehensive and the data accurate, making the
computation of reliable photo-z relatively easy. In con-
trast, with increasing faintness of the –possibly at high
redshift– sources , the spectral energy distributions be-
come less clearly defined (e.g., Hildebrandt et al. 2008).
Fewer reliable source detections, larger statistical uncer-
tainties associated with photometry, and an increasing
number of upper limits, lead to poorly constrained SEDs
(I09, S09). While this affects normal galaxies and AGN
in similar ways, the situation for the latter is compli-
cated by the uncertainty in the relative contributions of
the nuclear and host emission components.
These uncertainties were considered in § 4.1, where we
presented the application of our photo-z procedure to
the XMM-COSMOS survey and the deeper C-COSMOS
sample, and illustrated its limitations in correctly repro-
ducing the properties of the faint end of the flux distri-
bution.
For XMM-COSMOS, a large training spectroscopic
sample allowed us to characterize the bright sources ex-
tremely well. Thus, when the same procedure was ap-
plied to the Chandra sources with similarly bright optical
counterparts (i∗AB <22.5), it provided a comparable ac-
curacy and no further tuning of the library or the priors
was required.
For the faint counterparts in XMM-COSMOS, no sta-
tistically meaningful spectroscopic sample was available,
thus no tuning for these sources was performed. The
good agreement of the photo-z for the few XMM faint
sources with spectroscopic redshifts, suggested that the
setup for the bright population could be extended to the
entire X-ray sample. However, the significant increase in
the spectroscopic sample with i∗AB >22.5 for C-COSMOS
indicated that the results for XMM-COSMOS in this
range were likely the outcome of small number statistics
and that a more careful study of the faint sub-sample
was needed.
This demonstrated again the importance of the choice
of the training sample for the quality of the photo-z. The
accuracy and number of outliers calculated for a set of
sources with spectroscopy can be used as a quality indi-
cator for photo-z only if the sample without spectroscopy
covers the same parameter space as the training sample.
For a population dominated by sources fainter than the
spectroscopic training sample, the quality of the photo-z
is often overestimated.
6.2. Application to other X-ray surveys
The strength of any photo-z estimation method is re-
flected most by how generally it can be applied. In
§ 5, we illustrated how the procedure developed here for
C-COSMOS led to an improvement in the photo-z for
XMM-COSMOS (see Figure 9 and Table 3). For a simi-
lar test, we applied the method to the sources detected
by XMM in another deep field, the Lockman Hole (Fo-
topoulou et al. 2011, submitted). The photometric cov-
erage of the Lockman Hole has been extended to 22 broad
bands from UV to mid-infrared (Rovilos et al. 2009,
2011), together with deep HST/ACS imaging. With
these data, we have been able to reach an accuracy of
σNMAD = 0.07 and a fraction of outliers η=12.5%. The
two values are comparable to the results of C-COSMOS,
if the same photometric bands and depths as used for
the Lockman Hole are used and no variability correction
is applied.
This suggests that our procedure is robust and that
its level of success is now dictated only by the avail-
able filters and depths. The procedure can be straight-
forwardly applied to the large number of deep multi-
wavelength pencil-beam X-ray surveys such as, for exam-
ple, AEGIS-X (Laird et al. 2009) and CDFS (Luo et al.
2010) or E-CDFS (Cardamone et al. 2010). The study
of the AEGIS-X field, which covers 0.67 square degrees,
would benefit greatly from our procedure as the field is
a) wide enough to include some bright AGN (needing
AGN templates) and b) deep enough (F0.5−2keV = 5.3×
10−17erg cm−2s−1) to include sources that are AGN but
for which the SED is more closely fit by normal galaxy
templates. In addition, an accurate and merged photo-
metric AEGIS-X catalog is now available (Barro et al.
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2011).
E-CDFS (0.25 square degrees) is probably the most
deeply observed portion of sky in terms of both imag-
ing and spectroscopy. This has allowed a reconstruc-
tion of the SEDs of the sources and a knowledge of the
flux-redshift parameter space also at faint magnitudes.
For the X-ray detected sources, reliable photo-z has be-
come available (Luo et al. 2010; Cardamone et al. 2010).
By applying different methods and using partially dif-
ferent datasets (such as the additional photometry from
18 deep intermediate-band filters in Cardamone et al.),
both groups obtain an accuracy of σ < 0.01. However,
for 75 of the 169 sources without spectroscopy (i.e. 44%)
that they have in common, the photo-z values differ by
more than 0.2. Once again, it is clear that a good match
between photometric and spectroscopic redshifts is not
synonymous of univocal results.
Crucial information about the X-ray source popula-
tion in the Universe will also be provided by wide-
field and all-sky missions, such as the eROSITA mis-
sion (Cappelluti et al. 2011), which is planned for launch
in 2013 and is expected to detect several millions of
AGN brighter than F0.5−2keV = 10
−14erg cm−2s−1 in
the all-sky. This flux limit is about a factor of 50(10)
brighter than the C-COSMOS (XMM-COSMOS) limit
and the contamination by X-ray emitting normal galax-
ies is likely negligible. Thus, the color-redshift degener-
acy could in principle almost be eradicated by using the
AGN-dominated S09 library for both the QSOV and the
EXTNV samples.
However, the deep optical all-sky bands useful
for the identification of the eROSITA sources will
likely be limited to 4-5 broad bands from Pan-
STARSS (Burgett & Kaiser 2009), LSST (Ivezic et al.
2006), Skymapper (Tisserand et al. 2008), and DES
(DePoy et al. 2008; Mohr et al. 2008). While such a
SDSS-like filter set can help to provide reliable photo-
z for normal galaxies up to z∼1 (Oyaizu et al. 2008),
it is insufficient for AGN. In the left panel of Fig-
ure 13, we compare the photometric and spectroscopic
redshifts of mock eROSITA sources. Here, we used
the XMM-COSMOS sample cut at the X-ray flux
above F0.5−2keV = 10
−15erg cm−2s−1 (eROSITA depth
planned for the 2 × 100 square degrees deep areas)
and computed the photo-z using only griz photometry,
as will be available from a very deep (i=26 mag) Pan-
STARRS filter set after a correction for variability. As
expected, the fraction of outliers is large (η=41.5%)
and the accuracy is well below what one would wish
to achieve(σNAMD ∼ 0.150 for sources brighter than
F0.5−2keV = 10
−15erg cm−2s−1; σNAMD ∼ 0.24 for
sources brighter than F0.5−2keV = 10
−14erg cm−2s−1 ).
Only with the addition of the “u” and “JHK” (right panel
of Figure 13) photometry will we be able to reach an ac-
curacy that would allow us to use the measured photo-z
for scientific studies. Without variability correction the
fraction of outliers would increase by additional 10%.
This clearly demonstrates the importance of multi-
epoch observations and well-sampled SEDs (see also
Ben´ıtez et al. 2009, for simulations). The availability of
only broad-band photometry will greatly limit the pos-
sibility of using SED- fitting for computing photo-z for
AGN and new methods should be, such as the inclusion
of additional priors as the redshift or flux-redshift dis-
tributions ((e.g. Ben´ıtez 2000) and Bovy et al. (2011),
respectively. Only in this way will future X-ray surveys
be able to maximize the insight they achieve in under-
standing AGN/galaxy (co)evolution.
7. CONCLUSIONS
It is generally believed that AGNs are playing a ma-
jor role, although still to be fully understood, for galaxy
formation and evolution. However, AGNs are rare com-
pared to galaxies. Thus, assembling large AGN redshift
samples is a real challenge, and requires much more tele-
scope time than acquiring photometric data. As a con-
sequence, the main motivation for our work is the de-
velopment of a better way to measure accurate photo-
z for AGN-dominated galaxies using large photometric
surveys.
In this paper, we have presented, and tested thor-
oughly our methodology to derive photometric redshifts
for X-ray sources. Our robust tuning of the photo-z tech-
nique for AGN has been made possible thanks to a) the
sizable training spectroscopic sample spanning a large
range in redshift, luminosity, and morphology of sources,
b) the multi-wavelength coverage, and c) the correction
for variability effects.
We presented the photo-z measurements of 1692 Chan-
dra detected sources and 1683 XMM detected sources in
the COSMOS field (869 sources are common to both sur-
veys). While the former survey covers the central central
0.9 deg2 at a depth of F(0.5−2 keV)= 1.9×10
−16 erg cm−2
s−1, the latter is a factor of 3-4 shallower but covers the
entire 2 square degrees of the COSMOS field. For both
samples, we have achieved an accuracy of σNMAD=0.015
and a fraction of outliers η ∼ 6%. In comparison with our
previous analysis on the XMM-COSMOS sample (Sal-
vato et al. 2009), we have shown that better results are
obtained for faint, extended sources, that do not display
optical variability, when a library of normal galaxies is
used to fit their SED.
We have argued that the photo-z procedure adopted
for X-ray sources in COSMOS can be applied to other
X-ray surveys and will be a major asset for the scien-
tific exploitation of any future large X-ray programs.
The achievable accuracy is now limited only by both the
depth of the photometric data and the number of the
photometric bands available. For this reason, we pro-
pose that wide/all-sky X-ray surveys should invest sub-
stantially in multi-wavelength follow-up observations to
enable researchers to fully exploit the potential of these
surveys in studying AGN evolution.
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Fig. 1.— Normalized cumulative i∗AB magnitude distribution for the optical counterparts of the Chandra– (black solid line)
and XMM– (red solid line) COSMOS sources. Distribution of sources common to both samples are also indicated (black dashed
line). The dotted curve indicates the C-COSMOS sub-sample with reliable spectroscopic redshifts, while the long-dashed curve
indicates the C-COSMOS sources with spectroscopic redshifts and in common with the XMM-COSMOS sample. The vertical
line represents the average magnitude of the spectroscopic sample available for C-COSMOS.
Fig. 2.— VAR histogram distribution for extended and point-like sources. As for XMM-COSMOS, we adopted the value
VAR=0.25 as a threshold beyond which we correct the photometry for variability.
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Fig. 3.— C-COSMOS photometric redshifts computed following the recipe defined in S09, compared to the spectroscopic
redshifts. The comparison is shown for sources brighter (left panel) and fainter (right panel) than i∗AB=22.5 mag. Open circles
represent sources for which there is at least a second significant peak in the redshift probability distribution. The solid lines
correspond to zphot=zspec and zphot = ±0.05(1+zspec), respectively. The dotted lines limit the locus where zphot=±0.15(1+zspec).
While the quality of the photo-z for the bright sample is comparable to the one obtained for the XMM-COSMOS sources without
any new tuning or training, the photo-z computed for the fainter sources are significantly worse in terms of both dispersion and
fraction of outliers.
TABLE 1
Assessing quality of photo-z for the EXTNV sub-samples using different libraries
C-COSMOS EXTNV XMM-COSMOS EXTNV
i< 22.5 i> 22.5 all i<22.5
Library η (%) σNMAD η (%) σNMAD η (%) σNMAD η (%) σNMAD
I091 4.2 0.015 9.0 0.041 5.7 0.017 7.7 0.017
S092 2.7 0.020 18.4 0.083 6.0 0.028 4.4 0.022
Combined3 2.4 0.014 10.3 0.041 4.1 0.017 4.7 0.016
aLibrary from I09; only normal galaxy templates.
bLibrary from S09; mostly AGN-dominated templates.
cFinal result obtained using I09 or S09 library, depending on the X-ray flux of the sources.
TABLE 2
Results for the C-COSMOS QSOV sample using S09 and I09 libraries
Library QSOV, i∗ <= 22.5 QSOV, i∗ > 22.5 EXTNV, all
η(%) σNMAD η(%) σNMAD η(%) σNMAD
I09 45.6 0.165 23.5 0.074 38.2 0.135
S09 5.1 0.011 14.3 0.022 8.2 0.013
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Fig. 4.— Distribution of outliers for the EXTNV samples (Left: C-COSMOS; Right: XMM-COSMOS) as a function of X/O and soft
X-ray flux and compared to the rest of the sources distribution. Light blue dots represent all the sources, while black circles represent
sources with spectroscopic redshift. Red circles indicate outliers for the library of normal galaxies of I09, while yellow filled circles indicate
the outliers for the AGN-dominated S09 library. The distribution of outliers is the same along the X/O axis. However, for each library
the outlier fraction depends on the X-ray flux of the source. While there is an excess of outliers at bright X-ray fluxes for normal galaxy
templates, the inverse occurs for the library of AGN-dominated templates at the faint end of X-ray fluxes.
Fig. 5.— Left:∆z/(1+zspec) distribution for C-COSMOS EXTNV sub-sample using the I09 library of normal galaxies (red solid line), and
the S09 library of AGN (yellow solid line). The black solid line indicates the final result using S09 for F0.5−2keV < 8× 10
−15erg cm−2s−1
and I09 for fainter sources. Right: the same but for XMM-COSMOS sample.
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Fig. 6.— Comparison between spectroscopic and photo-z computed as in S09 for the C-COSMOS QSOV sources, brighter
(left panel) and fainter (right panel) than i∗AB=22.5. Black open circles indicate sources with a second possible solution in the
redshift probability distribution. Again, the quality of the photo-z for the bright sample is comparable to that obtained for the
XMM-COSMOS QSOV sources without any additional tuning, even if the spectroscopic training sample is different.
Fig. 7.— As in Figure 4 but for C-COSMOS QSOV sample. Clearly the templates for normal galaxies are unsuitable for this
sample.
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EXTNV QSOV QSOV+ EXTNV
Library N1 η σNMAD N
1 η σNMAD N
1 η σNMAD
results from S09 218 2.3% 0.019 178 6.3% 0.012 442 5.3% 0.017
same procedure as S09 270 4.4% 0.022 236 7.2% 0.013 590 6.3% 0.017
with addition of H-band
and more spectroscopy
new method 270 4.1% 0.017 236 7.2% 0.013 590 6.1% 0.015
anumber of sources with spectroscopic redshift
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TABLE 4
Extracted from C-COSMOS Photometric redshift catalog
XID ID(Ilbert) zphot zphotlower zphotupper PDFz Template Morph. VAR
(1) (2) (3) (4) (5) (6) (7) (8) (9)
1 860777 1.93 1.86 2.03 86.52 3 -999 0.48
6 1081059 1.12 1.11 1.14 100.00 1 1 0.83
14 1046901 2.15 2.07 2.21 95.67 22 1 0.30
21 1007423 1.86 1.85 1.88 100.00 30 2 0.28
23 997226 2.93 2.91 2.95 67.41 1 1 0.44
25 974083 1.99 1.95 2.04 98.81 5 -999 0.31
26 969546 0.73 0.72 0.74 100.00 28 2 0.57
27 974555 1.51 1.46 1.57 95.59 5 1 0.47
29 972975 1.08 1.05 1.10 99.76 20 2 0.17
31 978155 2.62 2.6 2.62 100.00 26 2 0.06
Note. — Excerpt from the photo-z catalog available online for C-COSMOS. Column 1:Either Chandra from Civano et al. 2011 (in
preparation) or XMM identifier (from Brusa et al. 2010); Column 2 :Optical identifier number as reported in the optical catalog and in
Ilbert et al. (2009); Column 3: Photometric redshift; Column 4 and 5: Lower and Upper value of photometric redshift; Column 6: redshift
probability distribution; Column 7: Best-fit template: from 1 to 30 the templates are from S09, templates from 100+(1...31) are from the
I09 library; Column 8: Morphological classification (from Leauthaud et al. 2007) 1 or 3 indicates extended sources, while 2 or 4 indicates
point-like sources; Column 9: Variability. A revised photo-z catalog for XMM-COSMOS, with the same structure is available at the same
address.
Fig. 9.— Final photometric vs spectroscopic redshifts for the entire C-COSMOS (Left) and XMM-COSMOS (Right) samples.
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Fig. 10.— Photo-z distribution for C-COSMOS (red) and XMM-COSMOS (blue), normalized to the respective total number
of sources.
Fig. 11.— Normalized, cumulative redshift distribution for all XMM-COSMOS sources (black dashed line) and C-COSMOS
sources with soft X-ray flux below (black solid line) or above (black dotted line) the detection limit of XMM-COSMOS
(F0.5−2keV = 10
−15erg cm−2s−1). Red lines indicate the sources more accurately described by templates of normal galaxies,
while blue and green lines indicate sources better fit by type 1 AGN and type 2 AGN, respectively.
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Fig. 12.— Left: From left-top to right-bottom, stamp images (10”x10”) in U, V, R, I, Z, J, H, K, and the 4 IRAC channels
(3.6, 4.5, 5.8, 8 µm) for CID-2550. Black contours indicate the X-ray detection. The source is clearly visible in the bands redder
than 9000A˚. Right: Spectral energy distribution of source CID-2550. Depending on the adopted luminosity priors, one or two
photo-z solutions are found, although the low redshift solution has always very low PDFz.
Fig. 13.— Photometric vs spectroscopic redshifts for XMM-COSMOS sources at the X-ray depth of eROSITA Deep
(F0.5−2keV = 1 × 10
−15erg cm−2s−1), using “griz” broad-band photometry (Left panel ) and “ugrizJHK” (Right panel). The
high dispersion and fraction of outliers would rend the photo-z computed with four bands, in the traditional way, unusable.
Only the addition of “u” and “JHK” would allow reasonable results. This option should be considered at least for the deep part
of the eROSITA survey.
